Changes in the optical absorption and the formation of point defects in three types of synthetic SiO 2 glasses, wet ͑OH content; 120 ppm͒, dry ͑OH content Ͻ1 ppm͒, and fluorine ͑F͒-doped ͑ϳ1 mol %͒ SiO 2 glasses, by irradiation with fluorine dimer (F 2 ) excimer laser light pulses (ϳ8 mJ/cm 2 / pulseϫ3.6ϫ10 5 pulses) were examined by various spectroscopic methods. Intense optical absorptions were induced in the wet and dry silicas in the range of 4-8 eV, whereas the intensity of absorptions induced in the F-doped silica was smaller by an order of magnitude than that in the F-free glasses. The optical transmission at the wavelength of 157 nm after the irradiation was F-doped silicaӷwet silicaϾdry silica. The dominant electron spin resonance-active defect in the irradiated specimens was the nonbridging oxygen-hole center ͑NBOHC͒ for the wet silica, or the EЈ center in the dry silica. The concentration of NBOHCs or EЈ centers in the F-doped silica was lower by an order of magnitude than that in the wet or dry silica. The present results suggest the possibility of using F-doped silica glasses as photomask materials for F 2 laser lithography.
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Practical production of ultralarge scale integration of semiconductors using KrF excimer laser ͑wavelength; 248 nm͒ lithography started in 1996. Research and development of lithography systems of the next generation using ArF excimer laser ͑193 nm͒ have been extensively made since 1997. In these efforts a key material issue was to explore appropriate lens materials. Recently, it turned out to be clear that calcium fluoride single crystal is a highly promising material for 193 nm laser optics. 1 The interest in the research front is shifting from ArF ͑193 nm͒ to F 2 ͑157 nm͒ excimer laser. Thus, examination of the strength of CaF 2 single crystals and SiO 2 glasses for a F 2 excimer laser light is a current issue. Although photoluminescence in some types of silicas upon excitation with F 2 laser light was examined by Stathis and Kastner, 2 no study dealing with vacuum ultraviolet ͑VUV͒-UV absorption changes and defect formation by F 2 laser irradiation for 157 nm optics has been reported to date as far as the authors know. Here we report the changes in VUV-UV optical transmission and the formation of defects in various types of synthetic SiO 2 glasses by F 2 -laser irradiation, showing that degradation of the optical transmission of F-doped silica in the UV-VUV region is much less than F free, wet, or dry silica glasses.
It is of significant importance in the science of silica to examine radiation effects of F 2 laser light. Some structural changes are considered to occur in silica by photoexcitation of the absorption edge because various structural modifications originating from the nature of amorphous phase have been found in amorphous chalcogenides 3 and hydrogenated silicon 4 upon direct photoexcitation of the absorption edge. In the case of silica, the band gap is so large that the excitation effect by ArF or KrF excimer laser light is limited to two photon absorption processes. However, the direct photoexcitation of the absorption edge via one-photon absorption processes is possible for F 2 lasers.
Sample glasses examined were three types of synthetic SiO 2 glasses, i.e., wet SiO 2 ͑SiOH content ϳ120 ppm͒, dry SiO 2 ͑SiOH content Ͻ1 ppm͒ prepared by the vapor phase axial deposition method, and F-doped SiO 2 glass ͑F content ϳ1 mol %, SiOH content Ͻ1 ppm͒. The thickness of each glass slab was 5 mm.
Each specimen was irradiated using a F 2 excimer laser ͑KOMATSU, Tokyo, Japan͒ in a stainless steel room at an ambient temperature. The chamber was continuously purged with dry N 2 gases during irradiation so as to eliminate O 2 gas which strongly absorbs VUV quanta. The power density at the sample position and the repetition frequency of the laser were ϳ8 mJ/cm 2 /pulse and 400 Hz, respectively, and the total number of irradiated pulses was fixed at 3.6ϫ10 5 . Vacuum UV and UV-visible absorption spectra of samples before and after F 2 laser irradiation were measured at room temperature with a Seya-Namioka type VUV spectrophotometer and a conventional spectrophotometer, respectively. The measurement of the SiOH stretching band and silica network vibrations was made using a Fourier transform infrared ͑FTIR͒ spectrophotometer. Electron paramagnetic resonance ͑EPR͒ spectra were measured at an X-band frequency applying 100 kHz field modulation, and spin concentrations were evaluated using CuSO 4 corresponding to the forbidden transition a
, upon excitation with 1064 nm light from a continuous wave-neodymium: yttrium-aluminum-garnet laser using a FT-Raman spectrometer ͑Nicolet model 960͒. Figure 1͑a͒ shows VUV-UV optical transmission spectra of the specimens before and after F 2 laser irradiation. The absorption edge in the specimens differs from one to one: The absorption edge of the F-doped specimen is located at a shorter wavelength ͑153 nm͒ compared with the wet SiO 2 ͑155 nm͒ or the dry SiO 2 ͑157 nm͒. Although the transmission of the dry SiO 2 at the wavelength Ͼ160 nm is slightly higher than that of the wet SiO 2 , the situation is reversed at wavelengths Ͻ160 nm. Taking the reflection loss ͑13%͒ at both surfaces into consideration, the internal transmittance of each specimen at the wavelength of 157 nm is 82% for the F-doped silica, 18% for the wet SiO 2 , or 7% for the dry SiO 2 . Figure 1͑b͒ shows the induced optical absorption in each specimen by F 2 laser irradiation. Three intense bands peaking at 4.7, 5.8, and ϳ7.4 eV and a weak band at 2 eV are seen for the wet SiO 2 . In the dry SiO 2 , the intensity of the 5.8 eV band is almost the same as that in the wet SiO 2 but the intensity of the 4.7 eV band is ϳ1/5 of that in the wet SiO 2 . In addition, the absorption intensity in the VUV region is increased with increasing the photon energy. The absorption shape in the F-doped silica is close to that in the wet silica but the relative intensity of the former is ϳ1/13 of the latter. Figure 2 shows EPR spectra of the specimens after F 2 laser irradiation. It is evident that the primary oxygen-hole trapped center is the nonbridging oxygen-hole center ͑NBOHC͒ in the wet and dry silicas, and the intensity of the NBOHC is comparable to that of the peroxy radical ͑POR͒ in the F-doped silica. Table I summarizes the concentration of EPR active defects produced by the laser irradiation. The NBOHC concentration in the wet SiO 2 is higher by a factor of ϳ20 than that in the dry or F-doped silica. This result is compatible with the conclusion obtained from the intensity of the induced 4.8 eV band, which is ascribed to the NBOHC. 6 When the EЈ concentration is compared with the NBOHC concentration in each sample, the former is comparable to the latter in the F-doped silicas, but is higher by an order of magnitude than the latter in the dry silica.
A distinct change in the SiOH vibrational band of the wet SiO 2 upon F 2 irradiation is seen in the FTIR spectra of Fig. 3 . An apparent peak position shifts by 27 cm Ϫ1 toward a low wave number side, the full width at the half maximum is increased by ϳ30%, and the absorption area is increased by ϳ20%.
No intensity enhancement of the band ͑relative to the Raman bands of the silica network structure͒ peaking at ϳ1540 cm Ϫ1 was observed in the FT-Raman spectra of each specimen before or after the F 2 laser irradiation. No peak FIG. 1. ͑top͒ VUV-UV optical transmission spectra of three types of synthetic SiO 2 glasses before and after F 2 excimer laser irradiation, irradiation conditions; ϳ8 mJ/cm 2 /pulse ϫ 360 000 pulses. ͑bottom͒ Optical absorption induced by F 2 laser irradiation. Each spectrum was obtained by subtracting the spectrum before irradiation from that after irradiation.
FIG. 2.
EPR spectra of three types of SiO 2 glasses after F 2 excimer laser irradiation ͑ϳ8 mJ/cm 2 /pulse ϫ 360 000 pulse͒. Measurement conditions; 77 K ͑temperature͒, 10 mW ͑microwave power͒. Note that ͑1͒ the signal of EЈ center is so heavily saturated that the intensity cannot be compared with that of other signals, and ͑2͒ the spectrometer sensitivity for measuring the trace of the wet SiO 2 is lower by a factor of 1/10 than that of the dry or F-doped silica. POR and NBOHC denote peroxy radical and nonbridging oxygen-hole center, respectively. shift of silica lattice modes ( 1Ϫ4 ) in the FT-Raman or FTIR reflection spectra of each specimen upon irradiation was noted within experimental uncertainty (ϳ1 cm
Ϫ1

͒.
The transparency in the absorption edge of the dry and wet silicas was similar to that reported by Kaminow, Bagley, and Olson. 7 They suggested the absorption edges at an energy Ͻ7.7 eV in the dry silica and an energy Ͼ7.7 eV are controlled by a trace of Si-Si bonds which give an intense absorption band peaking at 7.6 eV ͑Ref. 8͒ and by SiOH groups, respectively. The dominant defects created by F 2 laser irradiation in the present dry and wet silicas are EЈ centers and NBOHCs, respectively, as summarized in Table I . Since the precursors of the former and the latter are believed to result from oxygen-vacancy type defects such as Si-Si bonds and SiOH groups, 9 the present results are consistent with the idea by Kaminow, Bagley, and Olson. Although formation of the NBOHC by irradiation with KrF and ArF excimer laser light proceeds via two-photon absorption. 10 However, direct photoexcitation of SiOH groups is possible for F 2 laser light because the one-photon energy of F 2 laser corresponds to the tail of SiOH absorption. 11 The absorption coefficient of the 4.8 eV band observed here goes up to ϳ2.3 cm Ϫ1 , which is higher by two orders of magnitude than that in a wet silica irradiated with 50 mJ/cm 2 ArF laser light pulse to 10 6 pulses͒, 12 and is the largest among silica glasses irradiated with excimer laser lights to our knowledge. Furthermore, a 2 eV band with much smaller oscillator strength, 12 which was so far observable only for the fiber geometry, is distinctly seen even for the 5-mm-thick sample. These results may be understood by considering the direct excitation of SiOH groups with F 2 laser photons. 13 The change in FTIR spectra of SiOH groups ͑Fig. 3͒ implies that F 2 laser light irradiation distinctly modifies the bonding configuration of SiOH groups. The peak shift to a lower wave number side denotes the SiOH bonding change from free to hydrogen bonding state. In the thermodynamic argument the equilibrium between a free and a hydrogen bonded state should shift to the free state with temperature. 14 Thus, the observed change is reverse to that expected from an effect of temperature rise during irradiation, suggesting that a certain structural alteration around SiOH groups is induced by electronic excitation of SiOH groups.
There are two plausible reasons for the toughness of the F-doped silica to F 2 excimer laser light pulses. One is due to its high optical transmittance at the wavelength of F 2 laser light ͑157 nm͒. Silicon tetrafluoride molecules have no optical absorption in the wavelength range 110-200 nm. 15 Thus, the VUV absorption band of Si-F bonds is considered to occur at energies higher than the band gap of silica. Fluorine ions are incorporated into the silica network in the form of Si-F bonds. 16 Thus, F doping results in the decrease in the number of Si-O-Si bonds which control the intrinsic absorption edge, leading to the blueshift of the absorption edge. The other is the toughness of Si-F bonds to electronic excitation. Fluorine-doped silicas are already known to be resistant with respect to defect formation by high energy radiation such as ␥ and x rays. 17 A similar response is anticipated for the case of direct photoexcitation with F 2 laser light. It is of extreme importance to note that although wet silicas are appropriate for KrF and ArF laser optics, F-doped silicas are more promising for F 2 laser optics.
Detailed analysis of radiation damage in various silicas by F 2 excimer laser light is in progress together with optimization of fluorine contents in silica.
